Analysis of levels of hydrogenase processing and activity in Rhizobium leguminosarum biovar viciae bacteroids from pea (Pisum sativum) plants showed that the oxidation of nitrogenase-evolved hydrogen is limited by the availability of nickel in agricultural soils. This limitation was overcome by using an inoculant strain engineered for higher hydrogenase expression.
The efficiency of nitrogen fixation by the Rhizobium-legume symbiosis is affected by the hydrogen released by nitrogenase during this process (14) . In bacteroids induced in pea (Pisum sativum L.) nodules by Rhizobium leguminosarum biovar viciae UPM791 the hydrogen generated in the nitrogen fixation process is recycled by a [NiFe] hydrogenase with two structural subunits (HupL and HupS). The biosynthesis of this hydrogenase is a complex process that involves at least 15 accessory proteins, some of which participate in the insertion of an essential nickel atom in the active site of the enzyme (16) . This hydrogen recycling has been associated with significant increases of plant productivity in certain symbiotic systems such as soybean (2, 8) .
Ni availability to pea bacteroids limits hydrogenase activity in plants grown under gnotobiotic (i.e., sterile vermiculite) conditions by affecting the Ni-dependent processing of hydrogenase subunits (5) . Further work has demonstrated that this limitation also affects other symbiotic systems (4) . In this work we analyze whether the available Ni levels in agricultural soils are sufficient for synthesis of adequate levels of hydrogenase for efficient hydrogen recycling.
Ni concentration in the soil depends on the parent material, the degree of contamination and the pedogenic process. The soil content of Ni is variable; values reported for total nickel typically range from 1 mg kg Ϫ1 to over 400 mg kg Ϫ1 in normal agricultural soils (1), with lower values usually associated with acid soil conditions. Ni is essential for some biological functions, such as urease synthesis in soybean leaves (11) , and a critical deficiency of nickel has been defined for the growth of plants in urea nitrogen (9) .
In order to ascertain whether Ni content in soils could indeed affect hydrogen oxidation by the Rhizobium-legume symbiosis, we decided to study hydrogen metabolism in pea bacteroids from plants grown in different soils. To this aim, six soils representative of the main agricultural areas in Madrid Province were collected and analyzed for relevant physicochemical traits by standard methods (15) . The concentration of metallic elements Ni, Co, and Mn was determined by inductively coupled plasma-mass spectrometry (MS) following extraction with nitric acid (total content) or with ammonium oxalate (available content; 17). Inductively coupled plasma-MS analysis was performed using an Elan 6000 instrument (Perkin Elmer Sciex) at the Universidad Autónoma de Madrid core facility. The levels of Ni found in soils were variable (Table 1) : the lowest value was associated with acid soil 3 (0.08 mg kg Ϫ1 of total nickel), whereas the highest total nickel level was 3 mg kg Ϫ1 (soil 5). The levels of available Ni ranged from 0.03 to 0.68 mg kg Ϫ1 (soils 3 and 2, respectively). The concentration of Co and Mn showed essentially the same pattern as Ni in the soils analyzed.
The soil material was mixed (1:1) with quartz sand and used as the substrate for growing pea plants (Pisum sativum cv. Frisson) in a growth chamber (12) . Seeds were surface sterilized and seedlings were inoculated with Rhizobium cultures as described previously (12) . Plants were watered with a standard N-free nutrient solution (5) or with the same solution supplemented with different amounts of nickel, added as nickel chloride. Symbiotic H 2 metabolism was studied by determining the levels of H 2 evolution and acetylene reduction of nodules, and hydrogenase activity of bacteroids (4) . In order to monitor the prevalence of the inoculated strain in the nonsterile substrate where plants were grown, we used R. leguminosarum biovar viciae strain UPM1156, a UPM791 (12) derivative carrying a constitutively expressed gusA gene inserted downstream of hydrogen oxidation genes obtained in our lab (C. Fernández et al., unpublished data), as inoculum. The percentage of nodule occupancy by the inoculated strain was determined by scoring for ␤-glucuronidase activity in intact nodules attached to root systems (19) . In this analysis we found that most nodules (72 to 88%) stained blue ( Table 2 ), indicating that the inoculated strain was highly prevalent. No blue nodules were found in plants from uninoculated pots.
Analysis of the acetylene reduction activity revealed normal levels of nitrogenase activity in all cases ( Table 2) , indicating that the conditions tested were compatible with the normal development of the symbiosis. In soils with no nickel addition, the levels of hydrogenase activity were very low in soils 2 and 3 (ca. 650 nmol H 2 h Ϫ1 mg protein Ϫ1 ). These low values resulted in the inability to completely recycle the hydrogen evolved by nitrogenase. Higher levels of hydrogenase activity, similar to those observed in unamended vermiculite (13), were observed for the remaining soils. With uninoculated plants no hydrogenase activity was detected, and the H 2 evolution values indicated that a large fraction (25 to 50%) of the electron flux through nitrogenase, estimated as the ratio between H 2 production and acetylene reduction activities, was diverted to proton reduction. We conclude from these results that most, if not all, R. leguminosarum biovar viciae strains resident in the soils tested were hydrogenase-negative, a situation that has been described previously in this species (16) . Addition of Ni to the nutrient solution caused a significant increase of H 2 uptake in all soils tested ( Table 2 ) that was more evident for the highest level of nickel added (100 mg liter Ϫ1 ). This increase led to the suppression of H 2 evolution where it was present. Since the Ni-dependent limitation of hydrogenase activity affects the processing of the hydrogenase large subunit HupL (5), we performed an immunoblot analysis of bacteroid crude extracts using an anti-HupL antiserum (a gift from R. J. Maier). Figure 1 shows representative results obtained for two of the soils tested. In this analysis we observed the presence of two bands (of 66 and 65 kDa) in crude extracts from UPM1156 (Fig. 1, lanes A1 and B1) , with most of the specific signal associated with the larger unprocessed form of HupL (5). Addition of increasing concentrations of Ni 2ϩ correlated with an increase in the relative amount of the fast-migrating band (Fig. 1, lanes 2 and 3) . Similar results were obtained with the remaining soils (data not shown).
The largest amount of processed form was observed in extracts from bacteroids obtained from plants exposed to 100 mg liter Ϫ1 Ni 2ϩ , and this correlated with the highest level of hydrogenase activity (Table 2 ). These data indicate that the level of hydrogenase activity is limited in agricultural soils due to low availability of Ni, and that this low availability of Ni affects the processing of the hydrogenase large subunit, thus extending to natural conditions the conclusions previously obtained in gnotobiotic systems (5) . In our previous work the level of hydrogenase activity increased with higher amounts of Ni 2ϩ added up to 10 mg liter Ϫ1 , but with 100 mg liter Ϫ1 Ni 2ϩ the level of hydrogenase activity was lower because this was a toxic concentration for the plants. In the current soil-based assays the overall pattern was similar, but the addition of 100 mg liter Ϫ1 of Ni 2ϩ resulted in higher levels of hydrogenase activity compared to those from 10 mg liter Ϫ1 Ni 2ϩ . This difference is probably due to a lower Ni 2ϩ availability for the plants in soils because Ni 2ϩ forms stronger complexes with the soil particles that may act as buffer for this element (1) .
The results presented in this paper contrast with previous work with soybean (7) , where it was concluded that soil nickel deficiency seemed unlikely to be agronomically important. These differences might be explained on the basis of the different abilities to provide nickel to bacteroids in pea versus soybean symbioses (5) . In our case, a direct correlation between available Ni and hydrogenase activity cannot be deduced from the data obtained in this analysis. For instance in soil 2 we detected the maximal value of available Ni (0.68 mg liter Ϫ1 ) but, at the same time, hydrogenase activity was very low and this situation could be reversed by nickel addition. This can be taken as another example of the fact that current chemical methods to predict the availability of nickel to the plants are unsatisfactory (1) and overestimate in most cases the amount of bioavailable nickel (3).
The need for efficient biological systems to determine the bioavailability of heavy metals has been pointed out (10) , and a whole-cell biosensor for bioavailable Ni 2ϩ has been developed (18) . However this biosensor detects nickel available to bacteria in the free-living state, not to plants. The results presented in this paper indicate that bacteroid hydrogenase processing and activity could be used as a biosensor for soil Ni bioavailability to legume plants.
Toxicity associated with nickel implies that addition of this element to soil is not a feasible option to optimize the hydrogenase activity in nodules. Instead, we decided to use a modified R. leguminosarum strain (SPF25) engineered for higher hydrogenase expression by modification of the HupSL promoter (6) . Pea plants inoculated with R. leguminosarum biovar viciae SPF25 were grown in the different soils without Ni addition, and hydrogen metabolism of nodules and bacteroids was analyzed (Table 2) . In all cases, except for soil 6, SPF25 bacteroids exhibited significantly higher levels of hydrogenase activity. The increase compared to UPM1156 ranged between 6% (soil 4) and 117% (soil 2). Such activities were high enough to allow full recycling of the hydrogen evolved by nitrogenase. Immunoblot analysis of bacteroid crude extracts also revealed an increase in the levels of the processed form of the hydrogenase large subunit (Fig. 1, lanes A4 and B4) . These results indicate that the promoter modification introduced into SPF25 has a beneficial impact on the energy efficiency of R. leguminosarum inoculants used in normal agricultural soils containing low nickel levels.
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